Differentiated-services model has been prevailed as a scalable solution to provide quality of service over the Internet. Many researches have been focused on per hop behavior or a single domain behavior to enhance quality of service. Thus, there are still difficulties in providing the end-to-end guaranteed service when the path between sender and receiver includes multiple domains. Furthermore differentiated-services model mainly considers quality of service for traffic aggregates due to the scalability, and the quality of service state may be time varying according to the network conditions in the case of relative service model, which make the problem more challenging to guarantee the end-to-end quality-of-service. In this paper, we study class mapping mechanisms along the path to provide the end-to-end guaranteed quality of service with the minimum networking price over multiple differentiated-services domains. The proposed mechanism includes an effective implementation of relative differentiated-services model, quality of service advertising mechanism and class selecting mechanisms. Finally, the experimental results are provided to show the performance of the proposed algorithm.
Introduction
The demand of multimedia services over the Internet has been rapidly increasing. In general, networked multimedia services such as Internet telephone and video-on-demand require stringent QoS (quality of service) requirements. As a scalable network solution, DiffServ (differentiated-services) [1] has got a spotlight because it controls the QoS of aggregate flows of a certain class instead of the QoS of individual flow. Hence it generically lacks the end-to-end QoS provision in the end-user point of view although DiffServ is a scalable solution for network QoS. So far, several proposals have been proposed to enhance end-to-end QoS within a single DiffServ domain. An extended approach of PHB(Per Hop Behaviors) tries to define per domain behavior (PDB) [2] as the expected treatment from edge to edge of a single DiffServ domain. That treatment can be described as quan- tifiable attributes (e.g., delay and packet loss rate) that passing packets experience. But the specific methods to provide absolute and statistical bounds for a DiffServ domain still need to be investigated. For controlling the attributes within a DiffServ domain and across DiffServ domains, a domain server (e.g., bandwidth broker (BB) [3] ) can be used to perform resource management in its own domain and to communicate with domain servers in the neighboring domains for the negotiation of service level. There are some architectures for enhanced domain server coming from the centralized BB to provide scalable support of guaranteed services [4] , [5] . The guaranteed services could be absolutely or statistically bounded services in DiffServ attributes for traffic aggregates. Recently, Christin et al. [6] proposed a quantitative assured forwarding (AF) service with absolute and proportional service differentiation in terms of loss, rates, and delays for traffic aggregates. Also, it is worthwhile to mention a study [7] in the differences of QoS experienced between individual flows and aggregate flows. Then if these extensions are added to the DiffServ architecture that IETF defines basically, it can be expected that each DiffServ domain can provide a certain absolute service ranges (e.g., average packet loss rate with some upper/lower margins) in DiffServ attributes. Another approach to provide absolute QoS [8] tries changing class selection upon feedback information from the receiver if the QoS request is not satisfied. In this paper, we consider effective class mapping mechanisms to provide the guaranteed service to end systems with the minimum price over the multiple domains. The system of our consideration is shown in Fig. 1 . In this scenario, the consideration of single DiffServ domain is not sufficient for the end-to-end QoS provision. The experi- Copyright c 2006 The Institute of Electronics, Information and Communication Engineers enced QoS state (delay and packet loss rate in this paper) and the price of each class may differ in accordance with domains, and the QoS state may be time-varying according to network conditions. In order to provide the end-toend QoS, coordination is required among domain servers in DiffServ domains having the linked path between sender and receiver. The problem we address includes how to efficiently advertise time varying QoS state and how to select the classes based on the advertised QoS state so as to satisfy end-to-end QoS request. This paper is organized as follows. Problem formulation class mapping mechanisms, effective implementation method of relative service model, and QoS advertising mechanism are described in Sect. 2, experimental results and analysis are presented in Sect. 3, and finally concluding remarks are given in Sect. 4.
Proposed Optimal Class Mapping Mechanism
In this paper, we consider delay and packet loss rate as QoS factors. Over multiple domains, the end-to-end delay is the sum of delays caused in the individual domain and the rate that packet successfully arrives at the receiver is the product of the rates that packet is transmitted safely in each domain. Thus, the variance of end-to-end QoS state generally becomes larger compared with QoS state provided by each domain, and thus the increased variance may degrade the video quality seriously. In this case, dynamic class selecting mechanism is required. Now, we make the following assumptions.
Assumptions:
1. Each domain supports the different number of classes that provide different QoS states at the different price. And it is assumed that the class i always provides the better QoS than the class i + 1 with higher price in the domain. 2. The total price is the sum of prices charged by domains along the end-to-end path. (The basic idea of the proposed algorithm in the following can be extended to various pricing mechanisms.)
Before the detail description, we define the CV (class vector)(c 1 , c 2 , · · · , c N )that is the selected classes over multiple DiffServ domains along the path. That is, c i is the selected class in the domain i. So, the proposed class mapping mechanism is to search for the optimal CV.
Problem Formulation and CV Selection Based on Trellis
First of all, end-to-end guaranteed service problem is formulated into the optimization problem with multiple constraints. Then, optimal approach and fast approach are examined to get the solution of the problem.
Problem Formulation
CV along the path is determined to guarantee QoS with the minimum price. As mentioned earlier, the end-to-end delay is the sum of delays caused in the individual domain, and the rate that packet successfully arrives at the receiver is the product of the rates that packet is transmitted safely in each domain. Now, we can formulate the problem to provide the guaranteed end-to-end QoS state with the minimum networking price as follows.
Price(c i ) ( 1 ) subject to
where c i is the selected class in the domain i, N is the number of DiffServ domains between two end systems, Price(c i ) is the price of the class selected in the domain i, Delay(c i ) and PLR(c i ) are the delay and packet loss rate of the class selected in the domain i, respectively, Delay req and PLR req are the delay and the maximum tolerable packet loss rate required by the end systems, respectively. It is an optimization problem with multiple constraints.
Optimal CV Selecting by Viterbi Algorithm
To solve the above problem, dynamic programming algorithm based on Trellis [14] - [16] is employed and fast pruning algorithm is used to reduce the computational complexity. It is summarized in Fig. 2 . As shown in this figure, each domain corresponds to a node and each class is mapped to the circle. When the cumulative QoS state by the domain
Delay(c k )) and the selected class in the domain i is (Price(c i ), 1 − PLR(c i ), Delay(c i )), the cumulative QoS state by the domain i becomes (
Delay(c k )). If the cumulative QoS by the domain i does not satisfy the required QoS, then we do not need to check the CV including this part from the domain (i + 1) any more. Thus the required computational complexity can be reduced. Fig. 2 Trellis for the optimal CV: the dot lines do not satisfy the given constraints.
Fast Converging Algorithm by Lagrange Multiplier
Method and Iterative Gradient Method
The trellis grows exponentially as the numbers of domains and/or the numbers of classes are increasing. In this case, we need a fast algorithm with a low computational complexity for the real-time processing. In this paper, Lagrange multiplier method [18] , [19] is employed. By the Lagrange multiplier method, the constrained optimization problem can be converted to unconstrained optimization problem. It guarantees that the following (c *
satisfying the multiple constraints is the optimal solution of the original problem.
where λ is the Lagrange multiplier, and
where BW(c i ) and BW req are the bandwidth of the class selected in the domain i and the minimum tolerable bandwidth required by the end systems, respectively. In general, Price(c i ) is a non-increasing function and
is a convex function. By using the iterative gradient methods, the optimal solution can be easily found. In this paper, Cyclic Coordinate Descent with Unit Stepping algorithm [20] is employed due to the simplicity and the convergence. It can be summarized as follows.
Step 1: Initialize the index variable i = 1, and make an initial guess for (c 1 ,
Step 2: Search for c 1 such that
is minimized, subject to
Step 3: Increase i by one. If i ≤ N, go to Step 2.
Step 4: Check for convergence: Check if
where ε is the predetermined small value. If the above inequality is satisfied, the solution of the unconstrained optimization problem is (c *
, and then go to Step 2 for the next iteration.
However, we need to iteratively adjust the above Lagrange multiplier to find satisfying the given multiple constraints. To reduce the number of iterations, bisection method is employed for the fast convergence. It is summarized in the followings.
Step 1: Select the initial values, λ l = 0 and λ u = M, where M is a large real number that satisfies the given constraints.
Step 2: Make an initial guess for λ.
Step 3: Solve the unconstrained optimization problem with λ by using the above Cyclic Coordinate Descent with Unit Stepping algorithm.
Step 4 
Otherwise,
Then,
Step 5: Check if
where γ is the preset small value. If the above inequality is satisfied and (c * 1 , c * 2 , · · · , c * N ) satisfies the multiple constraints, it is the optimal solution of the constrained optimization problem. Otherwise go to Step 3 with λ = λ new .
The computational complexities of the optimal approach using Viterbi algorithm and the fast conversing algo-
Where, D is the number of domains, N c i is the number of classes in the domain i and I(λ) is the number of iteration to find the optimal Lagrangian multiplier. As the numbers of classes and domains become larger, the difference increases. In addition, the required complexity of fast converging approach can be more reduced when the advanced gradient method is employed.
Relative Service Model and QoS Advertising Mechanism
Now, we consider the case that QoS state is time-varying. First, we address an effective implementation of relative service model, and then describe QoS advertising mechanism in detail. Note that the proposed class mapping mechanism can be extended to any other relative service model.
Implementation of Relative Service Model
In the case of assured forwarding (AF) service, queue structure generally consists of four physical queues to which independent forwarding services are provided. Each queue has three virtual queues to support three dropping levels as shown in (a) of Fig. 3 [9] . The packets with the same class enter the same physical queue and then these packets are classified into three virtual queues according to their drop precedence. The drop precedence of each class is determined by its policy when packets arrive. The possible policer types are TSW3CM [11] , Single Rate Three Marker [12] , and Two Rate Three Color Marker [13] , etc. The relative service model can be implemented by this queue structure and forwarding mechanism only when routers monitor the QoS state of each class continuously [10] . However, it is a big burden to routers and does not match to the basic idea of DiffServ. In this paper, the relative service model is simply implemented by changing the queue structure as shown in (b) of Fig. 3 . One of the unique features of the proposed method is that the packets with the same precedence are sent to the same physical queue and then they are divided into virtual queue according to the class. Token bucket model is employed as policer type due to the simplicity. In this case, the successfully forwarding packets enter the buffer with the high precedence while the dropping packets move to the buffer with the low precedence. It is achieved by controlling token. An arriving packet is marked with the lower precedence if and only if it is larger than the token bucket. The token rate is controlled to satisfy Eq. (11), and then packet forwarding mechanism makes the relative service model by setting to satisfy Eq. (12) under the assumption that class 1 provides the best service. In this paper, WRR (weighted round robin) is used for packet forwarding mechanism and the weight factors are determined by QoS states of classes.
where x is the class number satisfying x ∈ {1, 2, . . . , m − 1}, y is the drop precedence level number satisfying y ∈ {1, 2, . . . , n − 1}, m and n are the possible maximum numbers of class levels and drop precedence levels respectively, R y x is the rate of packets assigned to class x and drop precedence level y, and W PQ(y) is the weight of physical queue y. The proposed implementation method does not need to remember the states of router and just forward the incoming packets according to the weighing values of physical queues. Hence the required computational burden of router can be significantly reduced.
QoS-State Advertising Mechanism
Since QoS state is random in each DiffServ domain supporting relative service model and end-to-end QoS state is function (sum/product) of these random variables, end-toend QoS state is also random, whose variances generally become larger as the number of domains between two end systems increases [17] . As a result, the continuous media service can be seriously degraded due to the increased variances. Therefore, our object is to dynamically change CV along the path to provide the guaranteed service with the lowest price. Now, we need to estimate QoS state for each flow to determine CV. Actually, it is observed that the QoS state of each flow is almost same as that of the class including the flow (See the Fig. 9 ) (The same phenomenon is observed in [10] ). The reason is that every individual flow in the same class is handled by the same policy and forwarding mechanism that is designed to provide the guaranteed QoS to the class, and thus the QoS state experienced by the individual flow is almost same as that of the class. Hence, we can estimate the QoS state of each flow by observing that of the class in each domain. As a result, the computational overhead can be significantly reduced because we do not need to calculate the QoS of each flow. And, we take into account how to advertise QoS state. The more advertisement provides the more accurate QoS state, but increases the signaling overhead and computing load. Thus, we need to investigate effective QoS advertising mechanism and study the relation between the interval of QoS advertisements and the experienced QoS state. In this paper, we study two approaches: periodic approach and aperiodic approach. • Periodic QoS-state Advertisement Every DiffServ domain calculates the QoS state every fixed time interval and the QoS state is broadcasted to other DiffServ domains. Based on the advertised QoS state, the CV along the path between sender and receiver are recalculated.
• Aperiodic QoS-state Advertisement To avoid the unnecessary QoS state advertisements, CV researching and control signal overhead, aperiodic QoS state advertisement is examined. In this work, sliding window method is employed. That is, the QoS state is advertised only when the average QoS state in the sliding window abruptly changes more than the threshold value. Based on the advertised QoS state, CV along the path are adjusted to minimize the networking price. It can be summarized as follows. If
then broadcast the current QoS state, otherwise QoS state is not advertised, where QoS cur is the average QoS state of a class in the current window, QoS prev is the average QoS state of a class in the previous window and T is a threshold value. Actually, the length of window and its coefficients are related to the performance since it determines the characteristics of lowpass filter. The state diagrams of the QoS-state advertisement and the optimal CV selection are shown in Fig. 4 and Fig. 5 . Since the state diagrams of the BBs (Bandwidth Brokers) of the aperiodic case and the periodic case are same, that of the aperiodic case is abbreviated.
We would like to give some remarks on the signaling overhead and the computational complexity of the proposed algorithm. In general, aperiodic case may need more computational complexity to continuously monitor QoS states than periodic case, but signaling load is decreased since the unnecessary advertisements are avoided. As the advertising time interval of the periodic case decreases or the threshold value (Eq. (13)) of the aperiodic case decreases, the accuracy of advertisement is improved at the cost of the increased signaling overhead. Now, we give some remarks on two possible scenarios. First of all, if BBs are available, additional computational complexity and signaling overhead to compute the optimal CV is very small since BBs have an effective mechanism to share service states of classes by advisements among them. Secondly, if BBs are not available, edge routers can work instead of BBs. Because edge router checks continuously both agreement and conformity of SLA (service level agreement), it can monitor the service states of each class and send them to other edge routers with a small amount of overhead. Consequently, each edge router can compute the optimal CV based on the updated service state information of each class.
Experimental Results

NS-2 [21]
is employed to compare the performance. As mentioned earlier, we focus on the QoS advertising mechanism and class mapping mechanism. In this paper, three cases are tested in the followings: no CV change, periodic CV change and aperiodic CV change. The numbers of QoS advertisements and CV changes are used as the measure of control signaling overhead. On the other hand, packet loss rate, time delay, and networking price are employed as the performance measures for quality of service. The tested network situation is shown in Fig. 6 and the specifications of back traffics are summarized in Fig. 7 , packet loss rate and delay are proportional to their class levels when input traffics are CBR. When the input traffics are Pareto, the QoS state of class 2 always stays between those of class 1 and class 3 in Fig. 8 . Based on these observations, the relative service model works successfully. The QoS states of a flow and a class including the flow are given in Fig. 9 . As shown in the figure, two plots are almost same. Thus, it is reasonable that the QoS state of a class can be used for that of a flow that is aggregated into the class. As a result, the required computational complexity can be significantly reduced since we do not need to calculate the QoS state of each flow. 
CV Searching Method
Optimal Class Mapping by Viterbi Algorithm
For an example of performance evaluation, we assume that the requested 3-tuple QoS is packet loss rate: 0.08, time delay: 400 ms, and effective bandwidth: 200 kbps. As shown in Fig. 10 , it is assumed that the path consists of three DiffServ domains, and each domain has different number of classes with different QoS states. By using Viterbi algorithm, we can find that the optimal QoS CV is (000, 01, 010), and the packet loss rate is 0.03465, the delay is 200 ms, the effective bandwidth is 300 kbps, and the price is 1000 units along the path. The details are given in Fig. 10 . As shown in the figure, the solid lines meet the requested QoS while the dotted lines do not satisfy the requested QoS. The bold line represents the optimal CV. All paths passing the fourth of the domain 2 cannot satisfy the required QoS, thus we do not need to consider any CV passing through this node.
Fast Converging Solution
For the visualization, we consider the 2-domain case (Do- Fig. 12 Converging CV in the two domains when λ=392.333984. Fig. 11 , λ is initially set to 500 and converges shortly with several iterations. And the penalty function is convex as shown in (b) of Fig. 11 . Actually, Fig. 12 is the projection of Fig. 11(a) onto the domain 1-domain 2 plane, which is inserted to explicitly show the convergence point. It is observed that classes of the two domains converge to (001, 001) as shown in Fig. 12 . Along the selected CV, packet loss rate is 0.0445, time delay is 200 ms, effective bandwidth is 400 kbps, and its price is 800 units.
CV Change Case with the Periodic QoS-State Advertisement
We assume that the following QoS is required: the maximum time delay is less than 0.16 sec. and the tolerable packet loss rate is less than 5%. Various time intervals are tested and the experimental results are summarized in Ta ber of CV changes increases, which makes the control signal overhead larger. As shown in Table 3 and (a) of Fig. 13 , periodic CV change case can provide the better average endto-end QoS state with the lower networking price. Furthermore, the performance difference is much more obvious in terms of QoS state fluctuation as shown in Table 4 and (b) and (c) of Fig. 13 . Especially, maximum QoS deviation of periodic CV change case can be significantly reduced compared with that of no CV change. When the advertising time interval is 50 seconds, the standard deviation and maximum deviation are significantly reduced although the average QoS state are same as shown in Fig. 13 .
CV Change Case with the Aperiodic QoS-State Advertisement
In this section, performance of aperiodic CV change case is compared with those of no CV change case and periodic CV change case. It is assumed that the required QoS state is same as those of Sect. 3.2. The length of window is set to 3 and the weighting values in the window are set to (2, 3, 5) . The window moves to the right by one second per a time. The performance comparison with no CV change case is summarized in Tables 5 and 6 and Fig. 14. Compared with no CV change case, average packet loss rate is reduced by more than 30% and standard deviation and maximum deviation are decreased by at least 50% and 70% respectively with the almost same networking price. The performance comparison with peroidic CV change case is summarized in Tables 7 and 8 and Fig. 14 . Compared with the periodic case, it is observed that the average packet loss rate is reduced by about 25%, and standard deviation and maximum deviation are decreased by about 50% and 65% respectively with the same number of CV changes. Thus, aperiodic CV change case is more efficient that periodic CV change case at the price of computational complexity.
Conclusion and Future Work
In this paper, we have proposed class selecting mechanisms for the guaranteed end-to-end QoS over multiple DiffServ domains. The proposed mechanism includes effective relative service model implementation, QoS advertising mechanism, and the class mapping mechanism that searches for the optimal CV satisfying the required QoS with the minimum networking price based on the advertised QoS state. It has been shown by the experimental results that the dynamic class selecting mechanism can significantly improve the average QoS state and the QoS state fluctuation compared with no CV change. Furthermore, we have shown that aperiodic CV change case can provide the better QoS state than periodic CV change case with the same number of CV changes. For the complete solution, the specific control protocols for QoS state advertisement and CV change must be designed and the optimizing process based on these protocols is needed to determine the effective CV changing times. It is under our investigation. 
